Summary Objective: To compare three methods commonly used in the literature to define intervertebral disc nucleus pulposus (NP) and annulus fibrosus (AF) on magnetic resonance (MR) images. Methods: Fifty-two patients (26 males and 26 females; age range, 23e76 years) were recruited for this study; they underwent standard T1/T2-weighted MR imaging, and T2 and T1rho mapping acquisitions. The corresponding midsagittal images were analysed and a total of 256 discs were evaluated, using three different region-of-interest (ROI) drawing methods: (1) radiologist-guided manual ROI (M-ROI); (2) five square ROIs where each measured 20% of the midline disc diameter (5-ROI); and (3) seven square ROIs placed horizontally from anterior to posterior (7-ROI) to define NP and AF. The agreement between the three ROI methods was assessed using intraclass correlation coefficient values and BlandeAltman plots. Results: Inner AF and NP could not be differentiated on T1/T2-weighted MR imaging, T2 maps, or T1rho maps. The intraclass correlation coefficient values were all > 0.75 when comparing the 5-/7-ROI methods with the M-ROI methods for NP, and 0.167e0.488 for AF when comparing the 7-ROI method with the M-ROI method. The intraclass correlation coefficient values for AF increased to 0.378e0.582 for the M-ROI method compared with the 5-ROI method. Comparable results were obtained with BlandeAltman plots.
Introduction
Intervertebral disc degeneration is the consequence of a variety of genetic, mechanical, traumatic, and nutritional factors, as well as normal ageing [1] . Early signs of disc degeneration are manifested by biochemical changes, including loss of proteoglycans, loss of osmotic pressure, and dehydration [1] . In the later stages of disc degeneration, morphological changes occur, including loss of disc height, disc herniation, annular tears, and radial bulging [2] . Elderly women tend to have more severe disc degeneration than elderly men, and elderly women are more likely to have a narrow lumbar disc space than elderly men [3e5] . Magnetic resonance imaging (MRI) has become the standard noninvasive imaging modality to assess intervertebral discs [2,6e19] . Morphologically, on T2-weighted MR images, disc degeneration is seen as a reduction in the signal of the nucleus pulposus (NP) and inner fibres of the annulus.
The Pfirrmann 5-level grading system is widely used for the evaluation of disc degeneration on MR images [20] . To increase the discriminatory power, the Pfirrmann system has been modified by increasing the number of grades from 5 to 8 [21] . While the 5-and 8-level grading systems provide semiquantitative evaluation of disc degeneration, quantitative MR T2 relaxation time, T1rho relaxation time, and glycosaminoglycan chemical exchange saturation transfer (gag-CEST) measurements of the disc reflect the intrinsic material properties of disc tissues [17,22e30] . These molecular imaging approaches may have the potential to detect subtle differences in tissue composition that may not be apparent in T2-weighted image anatomical assessment and, therefore, would probably be more useful for detecting early disc changes.
T2 relaxation time measurement has been reported to be sensitive to changes in collagen and water content in intervertebral discs, and T2 relaxation time decreases with disc degeneration [17,22e24] . By contrast, T1rho relaxation measurement, which probes the interaction between water molecules and their macromolecular environment, is suggested to have the potential to identify early biochemical changes in intervertebral discs. It was shown that T1rho strongly correlates with proteoglycan content in NP in cadaveric human discs [25] . In vivo studies also demonstrated differences in mean T1rho values between NP and annulus fibrosus (AF), and a correlation between T1rho values and degenerative grades was observed [14,26e28] . It has been shown that gag-CEST indicates a correlation between gag-CEST measurement and glycosaminoglycan concentrations. As disc degeneration increases, gag-CEST in NP decreases [29e31].
Recently, MR relaxation time-based techniques and their relationship to disc degeneration [8, 12, 15, 18] , dehydration [19] , diurnal changes of composition [16] , and other functional disc mechanics such as stiffness [11] have been investigated. However, the role of specific biochemical changes in the altered MR signal intensity is still not well understood. An articular cartilage study showed that the loss of proteoglycan results in an increase in T1rho relaxation time [32] . By contrast, T1rho is reported to increase with sulfated glycosaminoglycan content in degenerative discs [17] . The AF functions as a rigid containment for the NP, which is composed of abundant sulfated glycosaminoglycans in a loose network of Type II collagen. It is a hydrated gel containing approximately 25% (dry weight) of collagen and 50% (dry weight) of proteoglycan [33] . Proteoglycans of the nucleus osmotically exert a "swelling pressure", which enables it to support spinal compressive loads. By comparison, AF is made up of coarse Type I collagen fibres, and contains 67% (dry weight) of collagen and a low concentration of proteoglycans [22, 33] . During the initial phase of disc degeneration, loss of proteoglycans and Type II collagen in NP is observed [34] . Proteoglycan loss reduces the capacity of NP to bind water and leads to loss of hydration. Later, Type I collagen fibres replace Type II collagen fibres in NP. Tensile properties of the AF tissues are also altered in degenerated discs [35] . On T2-weighted images, T2 map, or T1rho map, both NP and inner AF show nearly the same level of high signal intensity, and the boundary between inner AF and NP is often indistinct [14,30,36e38] .
It was suggested that discs can be characterized by T2 mapping and that changes in the integrity of the discs can be assessed before there is a change in the Pfirrmann score [23, 32] . However, accurate MR relaxivity mapping at spine discs can be difficult due to the extensive susceptibility effect in the regions. With disc degeneration, the collagen lamellae of the AF increase in thickness and become fibrillated. It is known that AF degeneration is a critical factor in disc stability [2] . In the lumbar spine, the posterior AF is particularly a target for disc abnormalities. For example, annular tears can be identified in MR images by the presence of a high-intensity zone in the posterior AF, which is a marker of a painful posterior annular tear [39] . Recently, Ogon et al [40] reported that the T2 relaxation time of the discs tended to be lower in chronic low back pain patients, and these values were significantly different within the posterior AF. However, chronic low back pain did not show correlations with T2 values in the anterior AF or NP, because of low sensitivity against noxious stimuli in the front part of the disc. This finding further heightens the importance of accurate disc component segmentation, as targeted tissue regeneration treatment may be possible in the future.
For MR image analysis, a number of methods have been described in literatures to define NP and AF, including the manual region-of-interest (ROI) method based on radiologists' experience, or uniform methods based on equal areas of square or circular ROIs placed horizontally across the disc, with or without a gap between them. For the latter method, the central three ROIs were usually defined as NP, while the anterior or posterior ROIs were defined as the anterior or posterior AF, respectively [6e8, 11,13,15e18] . To ensure the accuracy of the T2 and T1rho relaxation times, and CEST technique-based glycosaminoglycan measurement and the subsequent clinical diagnosis as well as early novel treatment [41e43], it is conceptually important to differentiate between NP and AF on these quantitative MR images correctly. Although a consensus has not yet been reached regarding the definition of NP and AF in disc studies, the goals of this work are to evaluate the agreements among different ROI methods and to provide some clarification of ROI definition for further quantitative disc analysis.
Materials and methods

Participants
There were 52 participants in this study: 12 without low back pain (9 males and 3 females; mean age, 32.1 years; age range, 23e42 years) and 40 having low back pain (17 males and 23 females; mean age, 54.1 years; age range, 28e76 years). Based on history, medical records, clinical presentation, and also MRI findings, except disc degeneration, all participants were confirmed to have no active spine lesions such as tumour, infection, autoimmune diseases, etc. This study was approved by the local human research ethics committee, with written informed consents obtained from all participants.
MRI acquisition
All participants underwent imaging in the morning using a 3-T clinical MRI system (Achieva; Philips Healthcare, Best, The Netherlands). A 12-channel receive-only spine coil was used as the signal receiver to cover the lumbar spine, and the built-in body coil was used as the signal transmitter. Volume shimming was employed to minimize B 0 heterogeneity.
For T1rho measurement, a rotary echo spin-lock pulse was implemented in a three-dimensional balanced fast field echo (b-FFE) [35] , with a spin-lock frequency of 500 Hz and the spin-lock times (TSLs) of 1 millisecond, 10 milliseconds, 20 milliseconds, 30 milliseconds, 40 milliseconds, and 50 milliseconds. Segmented phase alternating b-FFE readout with centric phase encoding order was used for acquisition. T1rho-weighted images were acquired during the transient status towards the steady state, while maintaining T1rho-weighted magnetization [44] . The rotary echo spin-lock pulse was applied once for every segment length of 80 readouts. A dummy delay time of 6000 milliseconds was inserted after each segment acquisition to fully restore the equilibrium magnetization before the next T1rho preparation. The echo time (TE) and repetition time for b-FFE acquisition were 2.3 milliseconds and 4.6 milliseconds, respectively. The field of view was 200 mm and the pixel size was 1.0 mm Â 1.0 mm. Seven sagittal slices were acquired, and the slice thickness was 4 mm. The flip angle was 40 and the number of signal averages was 1. A sensitivityencoding factor of 2 was applied for parallel imaging to reduce the phase encoding steps. A multiecho turbo spin echo (TSE) pulse sequence was used for T2 mapping. Seven sagittal TSE images were acquired at identical locations as T1rho images. The TSE imaging parameters included the following: field of view Z 200 mm; pixel size Z 1.0 mm Â 1.0 mm; slice thickness Z 4 mm; echo train length Z 7; TEs Z 16 milliseconds, 32 milliseconds, 48 milliseconds, 64 milliseconds, 80 milliseconds, 96 milliseconds, and 112 milliseconds; repetition time Z 2300 milliseconds; number of signal averages Z 2; and the sensitivity-encoding factor Z 2.
Image analysis
The T1rho and T2 maps were computed on a pixel-by-pixel basis using a monoexponential decay model with a homemade Matlab program (Mathworks, Natick, MA, USA):
and
where M0 and M(TSL) denote the equilibrium magnetization and T1rho-prepared magnetization acquired with TSL, respectively. M(TE) denotes the magnetization acquired with TE. These two monoexponential equations were linearized by logarithm. The T1rho and T2 maps were generated by fitting each pixel's intensity as a function of TSL and TE using a non-negative least-square fitting algorithm, respectively. The T1rho and T2 values were calculated as the inverse of the slope of the corresponding straight-line fit [45] .
Five intervertebral discs (L1/L2eL5/S1) per participant were examined, with four discs being excluded because of previous vertebral fusion operation, amounting to a total of 256 discs for analysis. The midsagittal images of the lumbar spine were analysed. The corresponding T2-weighted image was used as the reference for drawing the ROIs. For the manual ROI-based method (M-ROI) [13, 14, 46] , ROIs were manually drawn over the T2-weighted image and copied to the T2 and T1rho maps of the discs by a radiologist with 5 years of experience in reading spine MR images. Three ROIs, including NP, anterior AF, and posterior AF, were drawn ( Figure 1A ). For the manual ROI placement, the emphasis was on correct sampling of more central parts of targeted issues (i.e., anterior AF, NP, and posterior AF) rather than being very inclusive; this would likely avoid signal contamination by untargeted issues. In addition to radiological experience, the following assumptions were made: (1) a clear separation of NP and inner AF was not possible based on MR images, which would be particularly the case for degenerated discs, and therefore, some space was not included between ROI of NP and ROIs of AF; (2) the endplates, and the anterior and posterior ligaments would all appear as dark signals on T2-weighted images, and separation of these components and AF would not be possible; therefore, sufficient space was allowed for dark signal band near the endplate, near the anterior border close to the abdominal fat of white/grey signal, and near the posterior border close to the bright cerebral spinal fluid signal; and (3) it was considered that the inner AF signal may appear similar to the NP signal. In this study, the manual ROIs were all of oval shape, but they can also have the shape of a polygon, as shown in Figure S1 . When an apparent tear was noted in a disc, the abnormal signal areas were excluded from the ROIs. The ROI size for NP ranged from 15 mm 2 to 45 mm 2 , while the ROI size for AF (anterior þ posterior) ranged from 8 mm 2 to 45 mm 2 . For the uniform methods, we evaluated the following methods: (1) 5-ROI method, where each of five equal squares measuring 20% of the midline disc diameter in the sagittal plane [6e8] ( Figure 1B ) and (2) 7-ROI method, where seven equal squares of 6.5 mm 2 ROI with equal spacing between the ROIs were placed horizontally from anterior to posterior ( Figure 1C ) [17] . For both the 5-ROI and 7-ROI methods, the average of the central three ROIs was defined as NP, i.e., the second, third, and fourth ROIs for the 5-ROI method, and the third, fourth, and fifth ROIs for the 7-ROI method. Different choices of ROIs were evaluated for defining AF in the 5-ROI method: (1) the first ROI was defined as the anterior AF, and the last ROI was defined as the posterior AF, and (2) average of the first and last ROIs was defined as AF. For the 7-ROI method, the definition of AF includes the following: (1) the first ROI represents the anterior AF and the last ROI represents the posterior AF; (2) average of the first and second ROIs represents the anterior AF, while that of the sixth and seventh ROI represents the posterior AF; and (3) average of the first two and last two ROIs represents AF. The 5-/7-ROI methods were performed using open source image processing software (Image J; National Institutes of Health, Bethesda, MD, USA) [47] , while the M-ROI method was performed on a radiological workstation (ViewForum; Philips Medical Systems Nederland B.V., a Philips Healthcare Company, Best, The Netherlands).
The agreement between the M-ROI, 5-ROI, and 7-ROI methods was assessed, using intraclass correlation coefficient (ICC) on absolute agreement as well as BlandeAltman plots. According to Fleiss, ICC values of > 0.75 represent a good agreement, and values between 0.4 and 0.75 represent a fair-to-moderate agreement [48] .
Results
The ICC and BlandeAltman plot results comparing the three methods are shown in Tables 1e4 and Figures S2e21 . Inner AF and NP could not be differentiated on T1/T2-weighted MRI, T2 maps, or T1rho maps. The trend showed that when the average of the two measurements was big, the difference between the two measurements was also bigger. The ICC values were all > 0.75 when comparing the 5-/7-ROI methods with the M-ROI methods for NP. However, the agreement for assessing AF was only moderate or poor (Tables 1 and 2 ). Compared with the 7-ROI method, the results were slightly in favour of the 5-ROI method (Tables 1  and 2 ). Selecting the first and the seventh ROIs as the anterior and posterior AF, respectively, did not improve the agreement between the 7-ROI and M-ROI methods, as compared with using the average of the two ROIs to represent anterior/posterior AF. Comparable results were obtained with BlandeAltman plots (Tables 3 and 4 , and Figures S2e21).
Discussion
It is known that the common 5-ROI method cannot exclude annular tears, and there is high possibility that a portion of inner AF is included as NP. While inner AF is distinct from NP histologically, so far T2-weighted anatomical images, T2 and T1rho relaxation maps, and gag-CEST map have failed to separate inner AF distinctly from NP [30] . Although the 5-or 7-ROI methods may help in automatic or semiautomatic image analysis, potentially reducing radiologists' workload [17, 49] , there is a probability that in the 5-ROI method, the first and fifth ROIs are contaminated with signals from anterior and posterior longitudinal ligaments, and endplates. The border between AF and NP is unlikely to be vertical as delineated in the 5-ROI methods; the shape of NP and AF changes due to ageing and degeneration, but the 5-/7-ROI methods could not account for this. It has also been noted that in the lumbar spine, AF tends to be thicker ventrally than dorsally [50] . The M-ROI method, as described in our methodology, is more likely to select the "pure" NP and AF components, allowing more accurate studies of degeneration-related mechanisms of these components. With the 7-ROI method, we initially hypothesized that while the second and sixth ROIs might include some of the NP components, the first and seventh ROIs would represent AF better. However, our results did not show that the first and seventh ROIs had good agreement with M-ROI measurements for AF either. Owing to the lower water and GAG contents and a higher collagen content of the AF, the T2 time and T1rho time are on average lower; consequently, the random variation in these regions of the discs will generate more "noise" relative to the mean value. As T2 mapping and T1rho mapping are likely to have lower signal-to-noise ratios, the 7-ROI method with a smaller number of pixels is likely to have less accuracy; in addition, as shown in Figure 1C , some areas of AF and NP are not fully utilized for measurement. The first and seventh ROIs would suffer from the same signal contaminations as the first and fifth ROIs in the 5-ROI method. In addition, the principle described above would also apply to disc MRI in the axial plane. Further researches, using the histogram method excluding extremely low signals from endplates and using multiparametric techniques such as ultrashort echo time, may help in disc tissue segmentation. It is also possible that the development of future MR-based molecular imaging techniques will allow better differentiation of disc tissue components.
This study showed the potential imprecision of the 5-/7-ROI methods and a moderate-to-poor agreement with the M-ROI method for defining AF. One limitation of the present study is the lack of a gold standard. Understandably, no histological samples could be obtained. Nevertheless, in this study, we assumed that the manual method guided by an experienced radiologist would allow correct selection of the cores of the NP and AF. Ideally, the ROI methods should include all components of the discs while maintaining a separation between NP and AF. However, it is not possible with current MRI technology to clearly separate the whole NP and whole AF; therefore, anatomical knowledge-based manual segmentation remains the most reliable method. In conclusion, this study shows that the commonly used 5-/7-ROI methods agreed with the radiologist-guided manual ROI approach for NP selection, but this could be due to the fact that there is no substantial difference between T2 and T1rho values of inner AF and NP. The importance of separation of inner AF and NP also remains to be further defined [51] . The agreement between the three methods regarding AF was only poor to moderate. The 7-ROI method did not improve the selection for AF compared with the 5-ROI method. Overall, based on the results of this study, as well as the histological difference between inner AF and NP, we do not support the use of the 5-/7-ROI methods for segmentation of AF and NP. To better understand the differences between T1rho and T2 relaxation time reduction during the course of NP and AF degeneration, and to translate these relaxation times into reliable and specific biomarkers for early disc degeneration, a more precise, reproducible, and inclusive method for AF selection remains to be further developed. For the time being, we advocate manual ROI segmentation of AF and NP by experienced radiologists.
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